Background
Acute myeloid leukemia (AML) is a genetically heterogeneous cancer that frequently exhibits aberrant kinase signaling. We investigated a treatment strategy combining sorafenib, a multikinase inhibitor with limited singleagent activity in AML, and cytarabine, a key component of AML chemotherapy.
Methods
Using 10 human AML cell lines, we determined the effects of sorafenib (10 µM) on antileukemic activity by measuring cell viability, proliferation, ERK1/2 signaling, and apoptosis. We also investigated the effects of sorafenib treatment on the accumulation of cytarabine and phosphorylated metabolites in vitro. A human equivalent dose of sorafenib in nontumor-bearing NOD-SCID-IL2Rg null mice was determined by pharmacokinetic studies using high performance liquid chromatography with tandem mass spectrometric detection, and steadystate concentrations were estimated by the fit of a one-compartment pharmacokinetic model to concentrationtime data. The antitumor activity of sorafenib alone (60 mg/kg) twice daily, cytarabine alone (6.25 mg/kg administered intraperitoneally), or sorafenib once or twice daily plus cytarabine was evaluated in NOD-SCIDIL2Rg null mice bearing AML xenografts.
has been shown to inhibit phosphorylation of ERK1/2, inhibit cell growth, and induce apoptosis in vitro (12) (13) (14) . The latter effect might be explained by increased expression of Bim and activation of proapoptotic proteins Bad, Bax, and Bak and decreased expression of Mcl-1 (11, 13) . In adults with relapsed or refractory AML, sorafenib as a single agent produced modest reductions in peripheral blood or bone marrow blasts, with low overall response rates (0%-3.8%) (15) (16) (17) . It was previously shown that inhibitors of mitogen-activated protein kinase signaling can lower the apoptotic threshold of leukemic cells and sensitize them to the proapoptotic effects of chemotherapeutic agents (18) . We therefore hypothesized that sorafenib might improve the antileukemic activity of standard chemotherapeutic drugs. In this study, we evaluated the activity of sorafenib in combination with cytarabine, one of the most widely used agents for the treatment of AML, using AML cell lines, primary childhood AML blast samples, and in an AML xenograft model. Pharmacokinetic studies were performed to determine a dose and schedule that produced human equivalent exposure for in vivo evaluation.
CONT E X T A N D C A V E A T S

Prior knowledge
Previous studies have indicated that aberrant kinase signaling in acute myeloid leukemia (AML) patients is associated with poor prognosis. Sorafenib is a multikinase inhibitor that has demonstrated limited efficacy in the clinic as a monotherapy for genetically heterogeneous AML and enhanced efficacy when combined with chemotherapeutic drugs.
Study design
The antileukemic activity of sorafenib alone and in combination with cytarabine, a widely used chemotherapeutic agent for the treatment of AML, was studied in heterogeneous AML cell lines, primary childhood AML blast samples, and in a mouse model. The effect of sorafenib on cell viability, proliferation, kinase signaling, and apoptosis, in vitro; and apoptosis were measured in vitro. The effects of sorafenib plus cytarabine on viability of AML cells and primary blasts in vitro, and on AML xenograft growth in vivo, were determined. Different doses and schedules were investigated.
Contribution
The addition of sorafenib administered at 10 µM statistically significantly enhanced the antileukemic activity of cytarabine in an additive to synergistic manner when delivered simultaneously in vitro and in vivo. The combination treatment increased the intracellular accumulation of cytarabine and its metabolites in vitro, indicating a potential mechanism behind the antileukemic activity.
Implications
Sorafenib combined with cytarabine may have potential clinical use as a treatment for AML.
Limitations
The exact mechanisms behind the enhanced antileukemic activity of the combination of sorafenib and cytarabine are unclear, and further studies investigating the role of sorafenib-mediated inhibition of kinase signaling pathways are warranted. Also, the most effective dose and schedule of the combination of sorafenib and cytarabine in molecularly heterogeneous AML (ie, leukemias with different FLT3 status) should be determined.
From the Editors
Materials and Methods
Cell Lines and Reagents
Sorafenib was purchased from Toronto Research Chemicals (Ontario, Canada). Cytarabine was purchased from Sigma-Aldrich (St Louis, MO). 3 H cytarabine (with a specific activity of 14.9 Ci/ mmol at 1.0 mCi/mL) was purchased from Moravek Biochemicals (Brea, CA). Cell culture reagents, including RPMI-1640, Dulbecco's modified Eagle medium, and fetal bovine serum, were purchased from Invitrogen (Carlsbad, CA). The human AML cell lines HL-60, Kasumi-1, NB4, ML-2, MV4-11, KG-1, THP-1, U937, and M-07e were purchased from the American Tissue Culture Collection (Manassas, VA) and were cultured in RPMI-1640 containing 10% or 20% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO 2 . M-07e cells were supplemented with interleukin-3 (10 ng/mL) (Sigma-Aldrich ). OCI-AML3 cells were obtained from Dr Brian Sorrentino (St Jude Children's Research Hospital, Memphis, TN) (19) and maintained in Dulbecco's modified Eagle medium containing 10% fetal bovine serum. Cytogenetic profiles, unique leukemogenic translocation/ fusion genes, and mutations in tyrosine kinases were confirmed and described previously (14) and last verified in 2008, except for OCI-AML3 cells that were verified in 2009.
Primary AML Blast Samples
Leukemic blasts from bone marrow or peripheral blood were obtained from 25 children with newly diagnosed AML before treatment on the protocol AML02 (20) , following informed consent according to institutional guidelines. Details of the study are provided in the Supplementary Materials (available online). Enrichment of blasts to more than 90% was carried out using a method based on magnetic-activated cell sorting, as previously described (14) . Briefly, cells were suspended in magnetic-activated cell sorting buffer and were incubated with antibodies in the dark for 10 minutes at 4°C to deplete contamination from T cells, B cells, erythroids, neutrophils, and monocytes. After washing with 10 mL magnetic-activated cell sorting buffer once to remove unbound antibodies, 20 µL of anti-phycoerythrin microbeads (Miltenyi Biotec, Auburn, CA) per 1 × 10 7 cells were added for antibody selection. The phycoerythrin-labeled cell suspension was applied to a LS column (Miltenyi Biotec) and washed twice with 3 mL ice-cold magnetic-activated cell sorting buffer (Miltenyi Biotec).
Analysis of Cell Viability, Proliferation, and Apoptosis
Cell viability was determined in AML cell lines and primary blast samples using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation Kit I (Roche, Indianapolis, IN), as previously described (14) . Ten cell lines were treated with sorafenib or cytarabine at increasing concentrations (0.0001-40 µM) for 72 hours (three independent experiments were performed with eight replicates at each concentration). The concentration inhibiting cell viability by 50% compared with dimethyl sulfoxide-treated control cells (IC 50 ) was determined using the software program GraphPad Prism version 5.0 (GraphPad Software, La Jolla, CA). Seven cell lines that grew well in culture and collectively had a drug sensitivity that spanned the entire range of single-agent sensitivity to sorafenib and cytarabine (eg, most sensitive, intermediately sensitive, and least sensitive cells) were chosen for drug combination studies. Cell lines were treated simultaneously with the combination of sorafenib and cytarabine for 72 hours at a fixed concentration ratio of sorafenib to cytarabine of 2:1 (OCI-AML3 and NB4 cells), 10:1 (HL-60), 100:1 (U937), 1:2 (THP-1), 1:5 (Kasumi-1 ), or 1:250 (MV4-11), with the concentrations selected on the basis of the results from experiments with individual drug treatments. We also evaluated the effect of sequence of drug administration in MV4-11 cells because this was the only cell line in which we previously observed a strong sorafenib-induced cell cycle block (14) . We evaluated the sequences cytarabine for 24 hours before sorafenib for 48 hours (pre-cytarabine) and sorafenib for 24 hours before cytarabine for 48 hours (presorafenib), as previously described for the tyrosine kinase inhibitor lestaurtinib (21) . For the combination studies, two or three independent experiments were performed with eight replicates each. Two approaches were used to assess if combination drug effects were synergistic, additive, or antagonistic: 1) the universal response surface approach (22) and 2) the median effect approach (23) . The response surface method was implemented in Matlab (version 7.11; MathWorks, Natick, MA). A synergism-antagonism parameter, a, and its associated 95% confidence intervals (CIs) were determined. A positive a indicated synergism, a negative a indicated antagonism, and a zero a indicated an additive effect. The median effect approach according to the method of Chou and Talalay (23) was implemented in the computer software CalcuSyn (version 2.1; Biosoft, Cambridge, UK). A combination index value and its associated 95% confidence interval was determined at the 50%, 75%, and 90% effective dose (ED) corresponding to ED 50 , ED 75 , and ED 90 . A combination index value of less than 0.9 indicated synergy, a combination index value of 0.90-1.1 indicated additive effects, and a combination index value of more than 1.1 indicated antagonism.
For primary AML blasts, duplicate samples were treated with sorafenib (10 µM) or cytarabine (10 µM) for 96 hours. A sorafenib concentration of 10 µM was used because this is an average steadystate plasma concentration achieved at the adult approved dose of 400 mg administered twice daily (24) . A cytarabine concentration of 10 µM was chosen because this is the average steady-state plasma concentration achieved in children receiving cytarabine as a continuous infusion (25) . When enough cells were available, the combination of sorafenib (10 µM) plus cytarabine (10 µM) was evaluated.
Cell proliferation was determined in HL-60, Kasumi-1, KG-1, M-07e, MV4-11, ML-2, NB4, OCI-AML3, THP-1, and U937 AML cell lines using a 5-ethynyl-2'-deoxyuridine (EdU) cell proliferation kit (Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit; Invitrogen), which measures newly synthesized DNA. Cells were seeded in six-well plates for 24 hours followed by a 72-hour incubation with sorafenib (10 µM). Cells were washed, incubated with EdU (10 µM) for 1 hour, and resuspended at 1 × 10 7 cells per milliliter in 1× phosphate-buffered saline (8 g sodium chloride, 0.2 g potassium chloride, 1.44 g sodium hydrogen phosphate, and 0.24 g potassium dihydrogen phosphate per 1 L of water), containing 1% bovine serum albumin. The cell suspension (100 µL) was incubated with 100 µL of fixative for 15 minutes, washed with 1% bovine serum albumin in phosphate-buffered saline, and incubated with a Triton X-100-based permeabilization reagent provided in the assay kit for 30 minutes. Cells were centrifuged at 500g for 5 minutes at room temperature, and the cell pellet was then resuspended with 0.5 mL of reaction cocktail for 30 minutes before detection of Alex Fluor 488 dye positive-staining cells by flow cytometry (Flow Cytometry and Cell Sorting Shared Resource, St Jude Children's Research Hospital). Detection is based on a click reaction, which is a copper-catalyzed covalent reaction between an azide and an alkyne. In this application, the EdU contains the alkyne, whereas the Alexa Fluor 488 dye contains azide. Data were analyzed as the mean value of signal (% of cells staining positive with Alexa Fluor 488 dye) to background. Two independent experiments were performed in duplicate for each cell line.
Apoptosis was measured in HL-60, Kasumi-1, KG-1, M-07e, MV4-11, ML-2, NB4, OCI-AML3, THP-1, and U937 AML cell lines using an Annexin V-FITC/7-AAD kit (Beckman Coulter, Miami, FL), as previously described (14) . Briefly, cells were seeded in six-well plates for 24 hours, followed by treatment with sorafenib (10 µM) for 72 hours. The percentage of cells with Annexin V-positive staining was determined by flow cytometry. Two independent experiments were performed in duplicate for each cell line.
Analysis of Kinase Phosphorylation
Sorafenib-mediated kinase inhibition in HL-60, Kasumi-1, KG-1, M-07e, MV4-11, ML-2, NB4, OCI-AML3, THP-1, and U937 AML cell lines was determined using a quantitative beadbased multiplex phosphoprotein assay (BioPlex Suspension Array System; Bio-Rad, Hercules, CA). Custom multiplex beads were obtained to measure levels of total and phosphorlyated ERK1/2 (T202/Y204 and T185/Y187), Akt (S473), and p70S6 kinase (T421/S424) (Bio-Rad). Cells at a density of 1.0 × 10 6 cells per milliliter per well were added to a six-well plate and grown overnight in a culture medium containing 2% fetal bovine serum. Cells were then treated with sorafenib (10 µM) for 1 hour. Protein lysates were prepared using a BioPlex cell lysis kit (Bio-Rad) and then stored at 280°C until analysis. Protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL). Protein (2.5 µg) was diluted in 50 µL of lysis buffer (Bio-Rad) and added to custom-made polystyrene beads coupled to highly specific polyclonal antibodies (exclusively developed and validated for Bio-Rad by Cell Signaling Technology, Danvers, MA) against human total and phosphorylated ERK, AKT, and p70S6 kinase. Samples were then incubated overnight at room temperature with constant shaking. After three washes with buffer (Bio-Rad), samples were incubated for 30 minutes with biotinlabeled detection antibodies specific for the secondary epitopes on the phosphorylated and total proteins listed above, followed by incubation with a fluorescence-labeled streptavidin reporter for 10 minutes. The signal intensity of fluorescence (arbitrary units [AU]) was measured using a BioPlex Array Reader (Bio-Rad). Data were presented as fluorescence units without correction for background. Two independent experiments were performed in duplicate.
Pharmacokinetics of Sorafenib in NOD-SCID-IL2Rg null (NSG) Mice
To determine the sorafenib dose in mice that produces the human equivalent exposure, we conducted pharmacokinetic studies in 8-to 12-week-old female NSG mice (n = 90) (Taconic, Hudson, NY). This mouse strain was chosen as it was the same strain our AML xenograft studies were performed in (see below). Mice were housed in the Animal Resources Center, and all pharmacokinetic experiments were approved by the Institutional Animal Care and Use Committee of St Jude Children's Research Hospital.
Sorafenib was administered by oral gavage once or twice daily at doses ranging from 10 to 60 mg/kg. Sorafenib was formulated in a 50% cremophor EL (Sigma-Aldrich) or 50% ethanol solution, which was diluted 1:4 with deionized water right before administration. Pharmacokinetic studies were performed after a single dose of 10, 40, and 60 mg/kg; after the first and second dose of 10 mg/kg administered twice daily; and after the first and fifth doses of 40 and 60 mg/kg administered twice daily. Blood was obtained from individual mice at two time-points from an orbital bleed and cardiac puncture. Groups of mice were sampled at five to six different sampling times over 8-24 hours with three mice per group, for a total of 15-18 mice per dose. Blood was centrifuged at 3000g for 5 minutes, and the plasma was removed and stored at 280°C until analysis. Sorafenib plasma concentrations were measured using a validated method based on high performance liquid chromatography (HPLC) with tandem mass spectrometric detection, as previously described (26) . A one-compartment pharmacokinetic model with a bolus dose was fit to the plasma concentration-time data using population modeling techniques, which account for both the intersubject and intrasubject variability (27) , as implemented in the software program NONMEM version V (University of California, San Francisco, CA). The area under the concentration-time curve from 0 to 24 hours (AUC[0-24h]) and the time for which plasma concentrations remained above 10 µM during a 24-hour dosing period were calculated from the modelestimated curve for each dose and schedule. The mean steady-state plasma concentration was calculated as AUC[0-24h] divided by 24 hours. Blood was also sampled 2 hours after the morning dose on day 12 or 19 in leukemia tumor-bearing NSG mice (n = 8) (described below) treated with sorafenib (60 mg/kg) twice daily plus cytarabine (6.25 mg/kg) once daily.
Leukemia Xenograft Model
U937 cells that were transfected with a murine stem cell virusgreen fluorescent protein vector containing the firefly luciferase and green fluorescent protein genes (pMSCV-luc-IRES-GFP) were obtained from Dr D. Campana (28) . The construct was made in the Vector Core Laboratory at St Jude Children's Research Hospital. Green fluorescent protein-positive U937 cells were sorted by flow cytometry, expanded in culture, and 10 000 cells were injected intravenously into 8-to 12-week-old female NSG mice (n = 112). Studies were first conducted to determine a tolerable schedule for the combination of sorafenib plus cytarabine for 28 days. Sorafenib (60 mg/kg) administered twice daily was tolerable in eight of eight (100%) nontumor-bearing NSG mice for 28 days, with an average weight loss of 7%. The tolerability of sorafenib (60 mg/kg) twice daily in combination with cytarabine (6.25 mg/kg) once daily was then evaluated in 12 mice that were injected with U937 cells (10 000 cells). Cytarabine for intraperitoneal injection was formulated in phosphate-buffered saline. After 21 days of continuous daily treatment with the combination of sorafenib plus cytarabine, three of 12 mice lost between 15% and 20% of their body weight. In subsequent studies, tumor-bearing mice were treated using a schedule of 5 days treatment with 2 days off for up to 28 days for all treatment groups.
To evaluate antileukemic activity, groups of 12-15 tumorbearing mice were randomly assigned to receive sorafenib (60 mg/ kg twice daily), cytarabine (6.25 mg/kg once daily), or sorafenib (60 mg/kg) once or twice daily plus cytarabine (6.25 mg/kg) starting on day 3 after injection of U937 cells. A group of four to eight untreated mice were included as controls with each experiment. A control group treated with the sorafenib vehicle was not included because previous studies have shown that the cremophor EL solution is not absorbed intact after oral administration and hence was not expected to affect the outcome of the experiments (29, 30) . The experiment comparing cytarabine alone, sorafenib twice daily plus cytarabine, and the controls was repeated to obtain weekly complete blood counts to assess toxicity among the treatment groups. Organ size and tumor infiltration were also measured by immunohistochemistry in colonized tissue on days 24 and 26 of therapy. Images of hematoxylin and eosin staining of spleen longitudinal sections were taken using an Olympus BX41 light microscope (×10 magnification) equipped with a digital camera and Spot Imaging Software version 4.6 (Diagnostic Instruments, Sterling Heights, MI).
Noninvasive imaging was performed twice weekly in all experiments to monitor tumor engraftment. The luciferase substrate d-luciferin firefly potassium salt (Caliper, Hopkinton, MA) at a dose of 150 mg/kg was administered by intraperitoneal injection. The mice were then anesthetized by 1.5%-2.5% isoflurane inhalation, and bioluminescence was done 5 minutes later by use of a Xenogen in vivo imaging system (Hopkinton, MA) in the Animal Imaging Facility at St Jude Children's Research Hospital. Total body bioluminescence was quantified for the body area that included each mouse in its entirety. Figures for biophotonic imaging data were generated with R software (Windows version 2.10.1) (31). Mice were monitored daily and were killed by CO 2 asphyxiation when they showed signs of terminal illness, including hind leg paralysis, inability to eat or drink, and/or moribund. All animal experiments were approved by the Institutional Animal Care and Use Committee of St Jude Children's Research Hospital.
Early Uptake of Cytarabine in AML Cells
Early cellular uptake of cytarabine in MV4-11 and U937 cells in the absence and presence of sorafenib was measured by the oil-stop transport method, as previously described (32) (33) (34) specific gravity = 1.03 g/mL) and 100 µL of transport medium (NaHCO 3 -free RPMI-1640 with 20 mM HEPES [pH 7.4] containing Drug uptake was initiated by the addition of 100 µL of transport medium containing logarithmically growing 3 × 10 6 cells. At the specified incubation time, the reaction was ended by addition of 200 µL of transport medium containing nitrobenzylthioinosine (10 µM) (Sigma-Aldrich), followed immediately by centrifugation at 500g at room temperature for 30 seconds. The supernatant was removed, and the cell pellet was washed with 1.5 mL of water. Cell pellets were solubilized with 0.5 mL of 1N NaOH and incubated at room temperature overnight. An aliquot (25 µL) of the cell lysate was used to estimate protein concentration using a BCA protein assay kit. Radioactivity of a 400-µL aliquot of the cell lysate was measured by a LS 6500 liquid scintillation counter (Beckman Coulter, Brea, CA). Cellular uptake was expressed as picomoles per milligram of protein. Two independent experiments were performed in triplicate.
Intracellular Accumulation of Cytarabine and Metabolites in AML Cells
Logarithmically growing cells (10 × 10 6 cells) were washed and seeded in six-well plates with serum-free medium containing 3 H-cytarabine (1.25 µM) and were incubated for 2 hours at 37°C with 5% CO 2 . Cells were also pretreated with sorafenib (5 µM) for 15 minutes followed by addition of 3 H-cytarabine (1.25 µM) for 2 hours. Cells were washed twice with ice-cold phosphate-buffered saline and gradually shaken at 4°C for 10 minutes in 300 µL of buffer containing 70% methanol and 30% 15 mM Tris (pH 7.4). After centrifugation, 25 µL of cell extract was removed for protein concentration measurement using a BCA protein assay kit. Cytarabine and phosphorylated metabolites were measured in cell extracts by HPLC using a modification of previously described methods (35, 36) . Analyte reference material for cytarabine (Ara-C), Ara-C-monophosphate disodium salt, Ara-C-diphosphate trisodium salt, Ara-C triphosphate disodium salt, and cytidine 5′-disphophocholine sodium salt (internal standard) were obtained from Sigma-Aldrich. Standards were prepared at a concentration of 1 mg/mL in water, and a working solution containing 100 µg/ mL of all analytes was prepared in Tris-buffered methanol (dilution, 70:30 vol/vol; pH 7.4). Working solution (20 µL) was added to 200 µL of cell extract before analysis. The HPLC system consisted of a Shimadzu SCL-10Avp system controller, SPD-10Avp UV-Visible detector, two LC-10ATvp HPLC pumps, and a Rheodyne manual injection valve model 7125 (Rheodyne LLC, Rohnert Park, CA). The system was controlled using Shimadzu Class VP HPLC software (Shimadzu, Columbia, MD), version 7.3. Analytes were separated by use of a binary gradient system on a Whatman Partisil SAX anion exchange column (Whatman, Clifton, New Jersey) (10 µm particle size, 250 × 4.6 mm internal diameter) with a precolumn packed with Whatman anion exchange silica . The mobile phase consisted of buffer A (0.5 mM NH 2 H 2 PO 4 [pH 2.85]) and buffer B (500 mM NH 2 H 2 PO 4 [pH 3.4]). The flow rate varied from 0.5 mL/min from 0 to 10 minutes, to 1.0 mL/min from at least 10 minutes throughout the remainder of the run. Elution times were monitored at 254 nm and the temperature was set at 40°C. Seventy-five fractions were collected over 50 minutes using a LKB model 2211 fraction collector (LKB Bromma, Uppsala, Sweden). Radioactivity was measured by an LS 6500 multipurpose liquid scintillation counter (Beckman Coulter, Brea, CA) after mixing the sample with 5 mL of Scinitisafe 30% scintillation fluid (PerkinElmer, Waltham, MA). Cellular accumulation was expressed as picomoles per milligram of protein. Two independent experiments were performed in triplicate.
Gene and Protein Expression of ABCC10 and ABCC11
Total RNA was extracted from HL-60, Kasumi-1, KG-1, M-07e, MV4-11, ML-2, NB4, OCI-AML3, THP-1, and U937 AML cell lines using TRIzol (Invitrogen). RNA was obtained from biological replicates for each cell line. The Affymetrix U133 plus 2.0 GeneChip array (Affymetrix, Santa Clara, CA) was used to determine gene expression according to the manufacturer's protocol. The gene expression value (hybridization intensity) and detection call (present, absent, or marginal) were calculated using the Affymetrix MAS5 Statistical Algorithm Software Developer's Kit (37) . The average intensity of each array was normalized by global scaling to a target hybridization intensity of 100 AU. The expression signals and intensity calls for ABCC10 and ABCC1 were retrieved from the processed array data.
ABCC10 protein expression was determined in HL-60, Kasumi-1, KG-1, M-07e, MV4-11, ML-2, NB4, OCI-AML3, THP-1, and U937 AML cell lines by western blotting, with minor modifications to a previously described protocol (14) . Briefly, whole-cell lysates were prepared using an M-PER mammalian protein extraction reagent (Thermo Scientific, Rockford, IL). The protein concentration was determined by a BCA protein assay kit, and 30 µg of protein was loaded on 4%-12% NuPAGE Bis-Tris gels (Invitrogen) and transferred onto a PVDF membrane (Invitrogen). Each lane was probed with a goat polyclonal antibody to human ABCC10 (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:1000. Assessment of human glyceraldehyde-3-phosphate dehydrogenase protein using a mouse primary monoclonal antibody (Santa Cruz Biotechnology) at a dilution of 1:2000 served as a loading control.
Statistical Analysis
Overall survival was defined as the time from injection of U937 cells to the time of death. The Kaplan-Meier method (38) was used to compute overall survival estimates, and the log-rank test was used to compare overall survival estimates across treatment groups. In these studies, 90 of 92 mice died of leukemia. One mouse treated with cytarabine alone died on day 26 due to an oral gavage problem, and one mouse treated with sorafenib twice daily plus cytarabine died on day 19 due to toxicity.
Biophotonic imaging data were normalized by applying the log transformation and then subtracting the mean of day 10 values among untreated controls within each chronologically defined period. For each time point, a one-way analysis of variance model was used to compare the mean of normalized biophotonic imaging values across treatment groups and to calculate 95% confidence intervals for the mean of each treatment group. The mean fluorescence estimates and 95% confidence intervals were then backtransformed by exponentiation. All statistical analyses were performed using SAS software (Windows version 9.2; SAS Institute, Cary, NC) and R software (31) . All statistical tests were two-sided, and P values less than .05 were considered statistically significant.
Results
Viability, Proliferation, Apoptosis, and Signaling in AML Cell Lines After Sorafenib Treatment
We exposed 10 AML cell lines (nine cell lines with wild-type FLT3) representing a range of chromosomal aberrations and alterations in kinases (14) to sorafenib at a clinically relevant steadystate concentration (10 µM) for 72 hours and evaluated cell viability using the MTT cell proliferation assay. Sorafenib decreased cell viability to no more than 50% compared with untreated controls in all cell lines and to less than 10% compared with controls in six cell lines (Table 1 and Supplementary Figure 1 , available online). Treatment with sorafenib (10 µM) for 72 hours also inhibited cell proliferation by more than 85% compared with untreated controls in all cell lines, except U937 cells (Table 1) . Apoptosis was also seen in all cell lines, with at least 80% Annexinpositive cells observed for five cell lines (Table 1) . Sorafenibmediated decreases in cell viability and proliferation were paralleled by decreases in phospho-ERK1/2 or phospho-p70S6 kinase protein levels by 50% or greater compared with untreated controls in seven and six cell lines, respectively (Table 1) , with no change in total protein levels (data not shown). Sorafenib also decreased phospho-AKT by 90% in the U937cell line, which had high endogenous protein levels of phospho-AKT.
Sorafenib and Cytarabine Combination Treatment of AML Cell Lines and Primary Blast Samples
Twenty-five freshly isolated primary childhood AML samples (21 samples with wild-type FLT3) were treated with sorafenib (10 µM) for 96 hours and cell viability was assessed with an MTT assay. Cell viability ranged from 0% to 100% of untreated controls (median = 39%) (Figure 1, A) . Sorafenib-mediated decreases in cell viability were not limited to samples with FLT3-ITD (FLT3 internal tandem duplications) mutations.
Blast samples treated with cytarabine (10 µM) for 96 hours showed a wide range of drug sensitivity but had minimal cross-sensitivity to sorafenib (Figure 1, B) . Likewise, minimal cross-sensitivity between the two drugs was observed in AML cell lines (Supplementary Figure 1, available online) . The activity of sorafenib and cytarabine following simultaneous exposure for 72 hours was determined in seven AML cell lines. Combination index values at 50%, 75%, and 95% effective concentrations (ED 50 , ED 75 , and ED 95 ) were calculated by the median effect approach, and values for the synergismantagonism parameter, a, were determined using the universal response surface approach and are shown in Table 2 . By assessing drug effects using the two approaches, the combination of sorafenib plus cytarabine was synergistic in four cell lines (OCI-AML3, MV4-11, NB4, and THP-1) and additive in three cell lines (HL-60, Kasumi-1, and U937). We also evaluated the effects of simultaneous exposure to sorafenib (10 µM) plus cytarabine (10 µM) in all primary samples that had a sufficient number of cells available. For 13 of 15 samples, the percentage of viable cells after drug treatment relative to untreated control cells was lower for the combination of sorafenib plus cytarabine than for either agent alone. Of the remaining two samples, there were no viable cells after treatment with sorafenib alone or sorafenib plus cytarabine for one sample, and the combination resulted in 8.8% cell viability for the other sample (sorafenib Table 1 * The data are the mean with 95% confidence interval (CI) calculated using the t distribution at a confidence level of P = .05. When only two replicate measurements were obtained, the 95% confidence interval was not reported. Two additional sequences of drug administration were assessed in MV4-11 cells: cytarabine before sorafenib (pre-cytarabine) and sorafenib before cytarabine (pre-sorafenib) ( Table 2) . A synergistic interaction (defined as combination index value <1.0; a > 1.0) was observed with both sequences, although stronger synergy was observed when cytarabine was administered before sorafenib (combination index values of 0.78, 0.46, and 0.28 at the ED 50 , ED 75 , and ED 90 , respectively; a = 2.8) compared with after sorafenib (combination index values of 0.73, 0.62, and 0.52 at the ED 50 , ED 75 , and ED 90 , respectively; a = 1.0). This is on the basis of the observation that although at the ED 50 and ED 75 there is no difference in drug effects between the three different sequences of administration (similar combination index values and overlapping confidence intervals), stronger drug effects were observed at the ED 90 for the pre-cytarabine sequence (lower combination index value and nonoverlapping confidence intervals). Using the universal response surface approach that accounts for all of the data over the entire concentration range, pre-cytarabine was more synergistic than other sequences, with a higher a (pre-cytarabine a = 2.8, simultaneous a = 1.7, and pre-sorafenib a = 1.0) and nonoverlapping confidence interval (Table 2) . Overall, these data would suggest that the pre-cytarabine sequence is superior in mediating effects on cell viability relative to the pre-sorafenib and simultaneous sequences evaluated.
Pharmacokinetics of Sorafenib in NSG Mice
Pharmacokinetic studies were conducted in NSG mice to determine the sorafenib dose and schedule that could produce human equivalent plasma steady-state exposure. In humans, sorafenib has a long plasma half-life (24-48 hours), and when given twice daily, results in minimal fluctuations in plasma concentrations from peak to trough at the steady state (24) . Therefore, we aimed to identify a sorafenib dose and schedule that achieved an average steady-state plasma concentration of 10 µM but also maximized the time that sorafenib concentrations remained above 10 µM. Sorafenib exposures achieved at different doses administered once or twice daily are shown in Table 3 . Sorafenib (60 mg/kg) administered once daily achieved an average steady-state plasma concentration of 9.9 µM, but the time that plasma concentrations remained above 10 µM was longer with twice-daily vs once-daily administration (17 vs 8 hours). Therefore, sorafenib (60 mg/kg) administered twice daily was selected for in vivo evaluation. Figure 2 shows a model-estimated concentration-time curve following administration of sorafenib (60 mg/kg) twice daily at time 0 and 8 hours for 3 days when the steady state was reached. The maximum plasma concentration was 12 700 ng/mL (27 µM), which occurred 2 hours after oral administration. In tumor-bearing mice treated with sorafenib (60 mg/kg) twice daily plus cytarabine (6.25 mg/kg) once daily for 2 to 3 weeks, the mean sorafenib concentration measured 2 hours after drug administration was 9327 ng/mL (20 µM, 95% CI = 2478 to 16 177 ng/mL).
Antitumor Activity of Sorafenib Combined With Cytarabine in a Xenograft Model of AML
The antileukemic activity of cytarabine alone (once daily), sorafenib alone (twice daily), or the combination of sorafenib (once or twice daily) plus cytarabine compared with untreated controls was Figure 1 . Effect of sorafenib alone, cytarabine alone, and sorafenib plus cytarabine on cell viability in primary childhood acute myeloid leukemia blast samples. Freshly isolated primary leukemic blast cells were treated with A) sorafenib (10 µM), B) cytarabine (10 µM), or C) sorafenib plus cytarabine for 96 hours, and cell viability was determined using a MTT assay. Data in (A) are displayed in descending order of activity. Data are from one experiment with duplicate measurements; the average of the two measurements is shown. ITD = FLT3 internal tandem duplications.
alone resulted in 1.3% cell viability and cytarabine alone resulted in 29.6% cell viability in this sample). Of the 15 samples, overall mean viability for sorafenib alone, cytarabine alone, and the combination sorafenib plus cytarabine was 34.2% (95% CI = 20.1% to 48.2%), 39.0% (95% CI = 27.1% to 51.0%), and 12.6% (95% CI = 6.5% to 18.7%), respectively. evaluated in NSG mice engrafted with the U937 cells. Differences in tumor engraftment and progression among the different treatment groups were monitored by bioluminescence imaging ( Figure  3, A) and quantitative biophotonic imaging analysis (Figure 3, B) , and the incidence of death due to leukemia progression was calculated ( Figure 3, C) . Death due to leukemia progression among untreated mice and mice treated with sorafenib alone was similar (19 vs 21 days, respectively). Tumor progression, quantified by assessment of the increase in mean log-transformed bioluminescence signal, was statistically significantly delayed by cytarabinetreated mice compared with untreated mice on day 17 * Data from two to three independent experiments each performed with eight replicates at each drug concentration. Ninety-five percent confidence intervals (CIs) were calculated by multiplying 1.96 by the SE of the mean estimate. a = synergism-antagonism parameter; ED 50 = concentration producing 50% effect; ED 75 = concentration producing 75% effect; ED 90 = concentration producing 90% effect; pre-cytarabine = cytarabine before sorafenib, pre-sorafenib = sorafenib before cytarabine. † The median effect approach was used to assess synergism, additive, or antagonism of drug effect. Data from independent experiments were combined to estimate combination index. Combination index values <0.9 indicate synergy, 0.90-1.1 indicate additive effect, and >1.1 indicate antagonism. ‡ The universal response surface approach was used to assess synergism, additive effect, or antagonism of drug effect. Data from independent experiments were combined to estimate a. A positive a indicates synergism, a negative a indicates antagonism, and a zero a indicates an additive effect.
25, statistically significant differences in tumor progression were observed between mice treated with sorafenib twice daily plus cytarabine compared with mice treated with cytarabine (sorafenib plus cytarabine vs cytarabine, mean = 13.6 photon/s/cm 2 /sr [95% CI = 12.9 to 14.3 photon/s/cm /sr], P < .001). By pair-wise comparisons, the dose-intensive twice-daily sorafenib administration combined with cytarabine statistically significantly prolonged median survival compared with sorafenib once daily plus cytarabine (P < .001), cytarabine alone (P < .001), and the control (P < .001) (sorafenib twice daily plus cytarabine, median survival = 46 days; sorafenib once daily plus cytarabine, median survival = 40 days; cytarabine alone, median survival = 36 days; and control, median survival = 19 days). Figure 4 , A shows representative images of hematoxylin and eosin staining of spleen longitudinal sections that demonstrate colonization of the spleen by leukemic cells. No notable changes in liver size or histology were observed among the mice on day 26 (not shown). However, spleens of cytarabine alone-treated mice on day 26 were (mean = 0.2 g, 95% CI = 0.1 g to 0.3 g) heavier than those of mice treated with sorafenib twice daily plus cytarabine (mean = 0.05 g, 95% CI = 0.01g to 0.06 g) (Figure 4, B) .
Effect of Sorafenib on the Uptake and Accumulation of Cytarabine in AML Cell Lines
In vitro studies have shown that cytarabine-sensitive cells accumulate higher intracellular concentrations of Ara-C triphosphate (Ara-C-TP) than do resistant cells (39) , and associations have been found between the accumulation of Ara-C-TP in blasts and clinical response in AML patients (40) . Because sorafenib inhibits ATPbinding cassette (ABC) transporters involved in cellular drug efflux (41) , and cytarabine has been shown to be a substrate for the efflux transporters ABCC10 (MRP7) and ABCC11 (MRP8) (42, 43) , we hypothesized that sorafenib may inhibit transporter-mediated Ara-C-TP concentrations in four of the five cell lines tested ( Table 4) . The greatest increase in Ara-C-TP concentrations was observed in cells with lower basal accumulation of Ara-C-TP (<12 000 disintegrations per minute [DPM]/mg protein in OCI-AML3, MV4-11, and THP-1 cells, respectively) compared with those with higher basal accumulation Ara-C-TP (more than 133 000 DPM/mg protein in HL-60 and U937 cells).
To determine if expression of ABCC10 and ABCC11 were plausible efflux transporters involved in sorafenib-induced cellular retention of cytarabine, we assessed for gene and protein expression in 10 AML cell lines. We determined that ABCC10, but not ABCC11, was present in the 10 AML cell lines by use of a gene expression array (not shown). ABCC10 protein expression was found in four of the 10 AML cell lines by western blotting (Supplementary Figure 3, available online) .
Discussion
Sorafenib demonstrated in vitro activity in a panel of molecularly heterogeneous AML cell lines and primary childhood AML samples at a clinically achievable concentration of 10 µM. When given simultaneously with cytarabine, synergistic to additive inhibition of cell viability was observed. In an AML xenograft model, administration of sorafenib (10 µM) plus cytarabine prolonged survival compared with cytarabine alone.
Although sorafenib appears to be more active in leukemias with the FLT3-ITD abnormality, antileukemic activity has been reported in several patients with AML and wild-type FLT3 (15, 17) . Our study shows the in vitro antileukemic activity of sorafenib in 10 genetically heterogeneous AML cell lines as well as in 25 primary AML blast samples in which activity was observed in both FLT3-ITD and wild-type FLT3 AML cells. Sorafenib alone also exhibited a different spectrum of resistance compared with cytarabine alone, indicating that sorafenib may be active in some cells with de novo resistance to cytarabine. Sorafenib alone effectively inhibited ERK signaling in AML cell lines, consistent with previous studies (12) (13) (14) . Also, sorafenib alone inhibited AKT phosphorylation in one cell line, which may represent an additional mechanism of sorafenib-induced apoptosis in which AKT-mediated negative regulation of proapoptotic BAD is suppressed (11) . Treatment with sorafenib alone also inhibited phosphorylation of p70S6K, a downstream effector of both ERK and AKT signaling that is involved in transcription and translation of genes that regulate cell growth, proliferation, and survival. The precise mechanism of action of sorafenib in AML is unknown but likely involves inhibition of RTKs and downstream signaling pathways, the latter, which is supported by the results of our study.
Because sorafenib previously demonstrated modest singleagent activity in relapsed or refractory AML (15, 17) , we evaluated its activity in combination with cytarabine, one of the most widely used chemotherapeutic agents for AML. In our study, sorafenib and cytarabine had a synergistic to additive activity in seven AML cell lines, and inhibition of cell viability was greater after treatment with sorafenib plus cytarabine in 13 of 15 childhood primary blast samples compared with either agent alone. In MV4-11 AML cells and BaF3 cells with a FLT3-ITD mutation, administration of the kinase inhibitor lestaurtinib simultaneously with or immediately following treatment with cytarabine produced cytotoxicity in a synergistic fashion, in contrast to the antagonist effect observed when lestaurtinib was administered before cytarabine (21) . In MV4-11 cells, we observed a synergistic interaction when sorafenib was administered before cytarabine, although stronger synergy was observed when cytarabine was administered before sorafenib. Our data suggest that the sequence of sorafenib and cytarabine administration may not be a critical factor to consider in FLT3-ITD AML. Our data showed that in wild-type FLT3 U937 AML tumor-bearing NSG mice, sorafenib did not prolong survival compared with untreated controls, which is generally consistent with the limited single-agent activity observed in phase I trials (15) (16) (17) . However, we observed that sorafenib administered simultaneously with cytarabine statistically significantly prolonged median survival compared with cytarabine alone in this AML xenograft model, findings that are consistent with the results of a recent phase II study in 51 adults with previously untreated AML receiving sorafenib simultaneously in combination with cytarabine and idarubicin during the first week of induction therapy. Overall, 38 (75%) of 51 patients achieved a complete response (44) , and the response rate was higher in patients with FLT3-ITD AML (14 of 15, 92%), but 24 (66%) of 36 of patients with wild-type FLT3 achieved a complete response, demonstrating the potential utility of sorafenib in combination with chemotherapy in some patients with FLT3 wild-type disease.
The twice-daily administration schedule of sorafenib plus cytarabine was more active than sorafenib given once daily plus cytarabine. Pharmacokinetic studies in NSG mice demonstrated that the time sorafenib plasma concentrations remained above 10 µM was longer with twice-daily vs once-daily administration (17 vs 8 hours), and exposure with the former schedule was more similar to human steady-state exposure with minimal fluctuations from peak to trough with an approximate average concentration of 10 µM. These pharmacokinetic studies provide a preliminary benchmark for effective sorafenib concentrations in patients receiving sorafenib in combination with cytarabine, particularly in wild-type FLT3.
Our study identified a potential mechanism underlying the interaction between sorafenib and cytarabine. Previous studies have demonstrated that protein kinase inhibitors can inhibit nucleoside transport into cells (45, 46) , indicating that caution should be taken when combining a kinase inhibitor with a nucleoside analogue. However, our study shows that sorafenib did not decrease the initial uptake of cytarabine in AML cell lines but increased the cellular accumulation of cytarabine triphosphate, the active moiety of cytarabine, by up to three-to fivefold in cells in which synergistic drug effects were observed with combination treatment compared with cells treated with cytarabine alone. Because cytarabine-sensitive cells accumulate higher intracellular concentrations of cytarabine triphosphate than resistant cells (39) , it is plausible that enhanced accumulation of cytarabine triphosphate by sorafenib contributes to the synergistic to additive activity observed with the drug combination. The precise mechanism of this intracellular pharmacokinetic interaction is unknown but may involve enhanced formation of cytarabine to its phosphorylated metabolites or reduced cellular efflux. Members of the ABCC efflux transporter family have been shown to transport a range of base, nucleoside, and nucleotide analogs (47, 48) , and cytarabine has recently been shown to be a substrate for ABCC10 (MRP7) and ABCC11 (MRP8) (42, 43) . We determined that whereas ABCC11 was not expressed, ABCC10 protein was expressed in four of 10 AML cell lines studied. In addition to ABCC10, other ABCC family members may efflux cytarabine from AML cells, and studies are currently under way to investigate this mechanism. In U937 cells, the combination of sorafenib plus cytarabine resulted in additive drug effects in vitro, and survival was prolonged in a U937 xenograft model. Because sorafenib treatment did not increase the cellular retention of cytarabine triphosphate in U937 cells with high basal accumulation of the active metabolite, it is likely that other mechanisms are contributing to the antileukemic activity of the combination therapy. Recently, it was shown that the mitogen-activated protein kinase pathway was activated in NB4 and HL-60 AML cells treated with cytarabine (49) . A selective MEK inhibitor, AZD624 (AstraZeneca Pharmaceuticals), effectively blocked cytarabine-induced MEK/ERK activation and enhanced growth arrest and apoptosis in both the NB4 and HL-60 AML cell lines. Future investigations are needed to characterize the role of sorafenib in the inhibition of activated signaling pathways in drug-resistant leukemic cells.
Our study is not without several limitations. We evaluated different sequences of sorafenib and cytarabine combination treatment in one AML cell line with an FLT3-ITD mutation. The superiority of one sequence over the others in cells with wild-type FLT3 is unknown and may differ from that of AML cells with the FLT3-ITD mutation. Also, we suggest a target effective sorafenib plasma concentration of 10 µM in AML patients based on in vitro data in 10 molecularly heterogeneous AML cell lines (one with FLT3-ITD) and 25 primary blast samples (four with FLT3-ITD), and in vivo data in one AML xenograft with wild-type FLT3. Based on these data, it cannot be determined if the requirements for optimal sorafenib plasma exposure and/or sequence of drug administration with cytarabine (eg, simultaneous vs sequential administration) are different for FLT3-ITD and wild-type FLT3 AML. Current preclinical investigations are aimed to define these parameters in mouse models of AML.
In conclusion, sorafenib has antileukemic activity in molecularly heterogeneous AML in vitro and in vivo. Sorafenib enhances the antitumor activity of cytarabine in vitro and in vivo when administered simultaneously in combination. Our study provides the foundation for the future clinical evaluation of sorafenib in combination with cytarabine-based regimens in frontline and relapsed/refractory childhood AML.
